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INTRODUCTION
Studies on the effects of ultraviolet (UV) light are very important from the view of ozone depletion, a serious global problem. 1) DNA is clearly one of the key targets for UV light induced damage in a variety of organisms ranging from bacteria to humans. UV induces two types of the most abundant mutagenic and cytotoxic DNA lesions: cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts. 2, 3) UV also induces the production of 8-hydroxy-2'-deoxyguanosine through a singlet oxygen mechanism, rather than through the generation of hydrogen peroxide and hydroxyl radicals. 4, 5) UV can also induce DNA single-strand breaks, 6) and DNA double-strand breaks (DSBs). 7) Recently, the phosphorylation of histone H2AX at Ser 139 (γH2AX) was shown to be a specific indicator for the existence of DSBs induced by various chemical, biological, and physical factors, including UV light. [8] [9] [10] [11] H2AX is phosphorylated by ATM (ataxia telangiectasia mutated), DNA-PK (DNA-dependent protein kinase), and ATR (ataxia telangiectasia and Rad3 related), 8) and UV-induced γH2AX formation is considered to be ATRdependent. 10, 11) Excessive unrepaired DNA damage in a cell triggers apoptosis, and this has been proposed as a mechanism which has an important role in the elimination of potentially cancerous keratinocytes, which have been irreversibly damaged by UV light. 12) The p53 protein is a transcription factor which is upregulated in epidermal cells after UV irradiation. 13) UV induces high levels of p53 which then lead to the activation of downstream genes, which subsequently induce cell-cycle arrest, allowing DNA lesions to be repaired and damaged cells to recover. 14) Since its discovery, 17 phosphorylation sites have been mapped on p53, and these sites are phosphorylated by multiple kinases. 15) Stress-induced phosphorylation of critical residues on p53 (Ser 15, Ser 20 and Ser 46) results in the stabilization and activation of p53. [16] [17] [18] [19] Phosphorylation at Ser 15 disrupts the interaction of p53 with the Mdm2 protein, leading to p53 stabilization and to an increase in protein levels and transcriptional activity. 20, 21) In the presence of severe DNA damage, the phosphorylation of Ser 46 leads to the regulation of the transcriptional activation of apoptosis-inducing genes. 22) Following its activation, p53 induces the transcriptional activation of p21/Waf1/Cip1 and Bax.
12) The Bax protein induces apoptosis by homodimerization and the formation of ion channels, which allow the release of cytochrome c from the mitochondria.
23) The Bcl-2 protein inhibits Bax via heterodimerization, preventing it from forming an ion channel, and dysregulation of the Bcl-2 family has also been implicated in the pathogenesis of non-melanoma skin cancer. 24) Although cellular studies have established how p53 and other stress responsive genes react after exposure to UV irradiation and other environmental stresses, the organic responses of human skin tissue to UV irradiation remain unknown. In this study, it is shown that organ-cultured human skin responds differently to UV irradiation than do cultured cells, and this system could become a useful tool to assess the effect of UV light on our human skin. UV irradiation was performed at the Okazaki Large Spectrograph (OLS) in the National Institute of Basic Biology (NIBB), 25) and the effect of UV light of different wavelengths was examined in organ cultures of normal human skin using action spectra and immunohistochemistry.
MATERIALS AND METHODS

Organ culture
Normal human skin samples were obtained from thigh (female, age 42) and breast (female, age 26) regions (areas which are normally constantly shielded from sunlight exposure) during plastic surgery and were used with written informed consent of the patients. The project was approved by the ethics committee at Nara Medical University. Classifications based on Fitzpatrick skin types, used to label variations in responses at particular wavelengths, were not used with these samples. After washing twice with phosphate buffered saline (PBS), the skin samples were cut into sections approximately 2 × 2 mm in size. These skin explants were then cultured on a 1.5% agarose plate containing culture medium in a humidified incubator with a 5% CO2/95% air atmosphere. The culture medium used was Dulbecco's Modified Eagle's Medium containing 10% (v/v) fetal bovine serum, penicillin (50 U/ml), streptomycin (50 μg/ml) and kanamycin (50 μg/ml). 26, 27) 
UV irradiation
UV light was generated from a 30 kW Xenon short-arc lamp; the incidence slit was set at 50 mm, the linear dispersion was about 0.8 nm/cm, and wavelengths were selected with double-blazed monochrometers at the OLS in the NIBB. 25) The width of the wavebands centered at each stated wavelength was approximately ± 2 nm. A light-condensing lens was used to obtain higher intensity light when samples were exposed to longer wavelengths of light. Horizontal light coming from the monochrometer was reflected by mirrors just above the sample, which was exposed to a vertical light beam. The exposure rate was 80-200 W/m 2 , but was dependent on the distance between the lamp and the sample, and on the alignment of the lenses. 28) Exposure conditions for each wavelength were previously specified. 28) Each organ cultured skin sample was exposed to a series of doses at 260 nm (0.2, 0. 
Immunohistochemistry
For histological studies, samples were fixed in a 10% neutralized formalin/buffer solution. The apoptosis-related proteins in formalin-fixed paraffin-embedded sections were stained using the avidin-biotin peroxidase complex method using HISTOFINE SAB-PO(M) and SAB-PO(R) kits (Nichirei Co., Tokyo, Japan). Antigenicity was unmasked by heating in an autoclave. Endogenous peroxidase activity was blocked with 1% hydrogen peroxide in methanol at room temperature for 30 minutes. The sections were exposed for 10 minutes to an excess of blocking solution, and were subsequently treated with a 1:100 diluted polyclonal p53 antibody (DO-1, Oncogene Research Products, Cambridge, MA), a 1:250 diluted polyclonal p53-Ser 15 antibody (Cell Signaling, Beverty, MA), a 1:125 diluted polyclonal p53-Ser 46 antibody (Cell Signaling), a 1:250 diluted polyclonal p38-P antibody (Promega, Madison, WI), a 1:100 diluted polyclonal Hsp60 antibody (N-20, Santa Cruz Biotechnology, Santa Cruz, CA), a 1:100 diluted polyclonal Hsp90 antibody (H114, Santa Cruz Biotechnology), a 1:60 diluted polyclonal Bax antibody (Ab-1, Oncogene Research Products), a 1:100 diluted monoclonal Bcl-2 antibody (Pharmingen, San Diego, CA), a 1:250 diluted monoclonal active Caspase-3 antibody (Pharmingen), a 1:100 diluted polyclonal cleaved PARP antibody (Promega), a 1:100 diluted monoclonal Hsp70 antibody (SPA-810, StressGen Biotechnologies Corp, Victoria, Canada), a 1:100 diluted monoclonal Hsp27 antibody (Ab-1, Oncogene Research Products), and a 1:250 diluted polyclonal JNK-P antibody (Promega) for 2 hours at 37°C. The sections were then incubated sequentially with secondary antibodies and the avidinbiotin peroxidase complex, stained with diaminobenzidine, and counterstained with Harris' hematoxylin. Apoptotic cells in the sections were detected by staining with an ApopTag in situ Detection Kit® (Intergen Co., Purchase, NY), which modifies genomic DNA using terminal deoxynucleotidyl transferase to permit the detection of positive cells by specific staining.
Analysis
The area of the nuclei was measured using Scion Image (Scion Corp, Frederick, MD) and at least 100 nuclei were counted from microscopic images of HE-stained samples fixed 24 hours after UV irradiation. The images were obtained using a 20 × objective lens. The definition of the cells with smaller nuclei was defined as cells having nuclei with less than 50% of the average nuclear size in area. The average nuclear area was approximately 7 × 10 μm. A UV dose leading to the appearance of smaller nuclei in 25% of the cells (D25) was obtained from the dose-response curves. Action spectra for the induction of small nuclei were defined as the relative biological sensitivity at D25 per incident quantum (per area) at each wavelength, and normalized to the response at 300 nm.
A quantitative analysis of immunostaining samples were done as following. Immunostained images were processed by Adobe Photoshop CS3 (Adobe Systems Incorporated, San Jose, CA), and the three areas were evaluated using ImageJ (http://rsb.info.nih.gov/ij/index.html). Data represents mean ± SD of epidermis. Changes in staining intensity were graded as +, dose-dependent induction; -, dose-dependent reduction; ±, dose-independent alteration.
RESULTS
Dose-response curve and action spectrum
After UV irradiation, apoptosis at 260-365 nm was measured by the presence of chromatin condensation. This is considered to be present when the size of the nucleus is less than 50% of the average area of the nuclei in untreated cell populations (Fig. 1a) . For all wavelengths used in this study, a dose-response curve for the induction of small nuclei (i.e. nuclei with an area of less than 50% of the average nuclei size in control cells) was found to increase in a dose-dependent manner (Fig. 1b) . D25 at the different wavelengths used was approximately 0.8 kJ/m 2 (260 nm), 0.7 kJ/m 2 (280 nm), 0.3 kJ/m 2 (300 nm), 300 kJ/m 2 (320 nm) and 500 kJ/m 2 (365 nm). Normalized sensitivities using 300 nm as a standard reference were obtained as a per incident quantum yield (per 28) area) at D 25 (Fig. 1c) . For wavelengths below 300 nm, organcultured human skin cells were 3 times more resistant per incident quantum than at 300 nm. A peak was observed at 300 nm and the sensitivity for induction of smaller nuclei decreased with increasing wavelength in the region from 300-320 nm, and significant decrease was not observed in the UVA region (> 320 nm). The effectiveness of induction of smaller nuclei at 300 nm was 1,000 times higher per incident quantum than at 320 nm. Moreover, at wavelengths below 300 nm, organ-cultured human skin cells were 50 times more resistant to UV than mouse lymphoma L5178Y cells.
28)
Activation of p53
At 3 hours after UV irradiation, p53 was phosphorylated at Ser 15 and Ser 46 and accumulated in the nucleus, especially in the basal cells of the epidermis (280 nm; 1 kJ/m 2 ) (Fig. 2) . Dose-dependent phosphorylation of p53 at Ser 15 and Ser 46 was observed at 3 hours after UV irradiation at 280, 300 and 320 nm, and a dose-dependent nuclear accumulation of p53 was detected at 3 hours after UV irradiation at 260, 280 and 300 nm (Table 1) . However, the appearance of apoptotic nuclear shrinkage was not observed up to 3 hours after UV irradiation (Fig. 2) . 
+, dose-dependent induction; -, dose-dependent reduction; ±, dose-independent alteration. Dose ranges used at the different wavelengths were 0.5-2 kJ/m 2 (260, 280 nm), 0.5-5 kJ/m 2 (300 nm), 200-1,000 kJ/m 2 (320 nm), and 500-2,000 kJ/m 2 (365 nm).
Downregulation of anti-apoptotic genes
As shown in Table 1 , dose-dependent phosphorylation of p38 was detected at 3 hours after UV irradiation at 365 nm, and a dose-dependent reduction of Hsp90 after exposure to 280, 300 and 320 nm was also seen at this time point. Hsp90 from the basal to upper layers of the epidermis just above the dermis was observed to be degraded in a dose-dependent manner at 9 hours after irradiation with 300 nm UV light (1- (Fig. 3) , and also after exposure to 260, 280, 320 and 365 nm UV light (Table 1) . Hsp60 levels also decreased at 9 hours after UV irradiation at 260 and 365 nm (Table 1) . Furthermore, a dose-dependent decrease of Bcl-2 was detected at 24 hours after UV irradiation with 260, 300 and 320 nm light (Table 1) . At all UV wavelengths used, no striking changes were detected in the expression of JNK phosphorylation, Hsp60 (3 hours after UV irradiation), or Hsp27, Hsp70 (3 and 9 hours after UV irradiation) (data not shown).
Activation of pro-apoptotic genes and apoptosis
As shown in Fig. 4 , Bax was observed to have accumulated in the nuclei of the basal cells of the epidermis in a dosedependent manner at 24 hours after UV irradiation (365 nm; 500-2,000 kJ/m 2 ). Moreover, a dose-dependent accumulation of Bax was detected after exposure to other wavelengths (280, 300, 320, 365 nm), and also for active Caspase-3, cleaved PARP (300, 320, 365 nm), and for apoptosis (260, 300, 320, 365 nm) at 24 hours after UV irradiation (Table 1) .
DISCUSSION
Induction of small nuclei was found to decrease with increasing wavelengths in the 300-320 nm interval (Fig. 1c) . For wavelengths longer than 300 nm, the action spectrum per dose was analogous to apoptosis induction in cultured cells, 28) and this was also similar to DNA absorption. 29) At wavelengths below 300 nm, the spectrum obtained from organ culture skin samples showed a sensitivity lower than that observed at 300 nm. This is very similar to the action spectrum obtained for the frequency of CPD formation induced in the DNA of human skin per unit-dose of UV incident on the skin surface: i.e. CPD formation per kb of DNA per sec of exposure for each nm-wide segment of the spectrum. This is the effectivity spectrum (ESS/kb/s/nm) for the formation of dimers by a particular spectrum of incident light.
30) The decrease in the action spectra for wavelengths of less than 300 nm, which is not observed in studies of in vitro cultured cells, 28) is attributed to at least one major factor. This factor is thought to be the selective absorption of incident UV radiation at different wavelengths by the overlying stratum corneum and upper epidermal cell layers. This can alter the spectral distribution of radiation reaching the deeper cellular layers. Thus the action spectra obtained in this study revealed different biological responses which have apparently been overestimated in studies using cultured cell lines. The system described here is an effort to make a direct measurement of the biological ability of different wavelengths of sunlight to produce potentially oncogenic damage in intact skin sections.
Cross sectional views will always detect some nuclei smaller than 50% of the mean nuclei size. If it is assumed that the nucleus is spherical, the arithmetic mean diameter in a random cross section is 0.79 (π/4) times the actual measured diameter, and a substantial fraction of intact nuclei will be cut with an area size smaller in size than 50% of this average. This could produce a false apoptotic background. Moreover, once a nucleus goes into apoptosis a substantial fraction may still have over 50% of the mean size in area in controls. After apoptosis induction, the distribution of nuclei sizes is apparently the sum of the distribution of normal intact nuclei and a superimposed left-shifted distribution of apoptotic nuclei. If the relative contributions of these two distributions to the measured histogram could be extracted or resolved, a more accurate value for apoptosis induction could be obtained. However, without subtracting the distribution of the control population, the data obtained in this analysis still resulted in a distribution showing the biological effects at each wavelength.
UVB and UVC require much less energy to induce apoptosis when compared to UVA (Fig. 1c) . Although UVA induces DNA damage including DSBs, 6,7) the mechanism of UVA-induced apoptosis is thought to be different from that of UVB and UVC. UVA possibly induces apoptosis through radical synthesis, while DNA damage is proposed to be the direct trigger for apoptosis induced by UVB and UVC. However, the effects of any UV wavelengths should be genotoxic. The presence of apoptotic cells in the upper layer of the epidermis at 24 hours after UVA irradiation (Fig. 4 ) appears to correlate with sunburn, presumably because of the high energy delivered by the UV irradiation.
Recent immunohistochemical studies have shown that UVA-induced p53 expression is observed in the basal layer, UVB-induced p53 expression occurs uniformly throughout the epidermis, and UVC-induced p53 expression is present in the upper layer of the epidermis. 31) However in this study, even UVC activated p53 through phosphorylation at Ser 15 and Ser 46 (Fig. 2) , and induced apoptosis efficiently in cells in the basal layer (Table 1) . This may be due to the higher UV doses used in this study which allowed UV to penetrate through all of the layers of the epidermis, and also due to presence of less melanin in the normal skin samples obtained for this study, because the skin samples used in this study were obtained from regions which are normally constantly shielded from sunlight exposure in vivo. Since melanin reduces the exposure of UV and protects the skin from UV-induced DNA photoproducts in the human epidermis, it seems plausible that this could account for some of these experimental differences.
27) The lower level of staining of p53 and Bax in most epidermal keratinocytes than in the basal layers was probably due to differences in response to UV irradiation; keratinocytes in the basal layer might have a higher capability for response to damage induced by UV irradiation.
The p53 protein is involved with, and closely linked to, other nuclear and extranuclear signaling networks, and transactivates downstream effector genes through interaction with its central domain. Bax, an apoptosis inducing protein, is under the control of Bcl-2, however, once cells are exposed to genotoxic stress, Bcl-2 is down-regulated and Bax is directly activated by p53. 32) UV exposure activated p53, upregulated the expression of Bax, suppressed Bcl-2, and activated Caspase-3 followed by PARP cleavage (Table  1) , and the observations made here with normal human skin organ culture confirm previous work conducted in cell culture and in animal model studies, suggesting that UVinduced up-regulation of p53 transactivates Bax and suppresses Bcl-2, and that this is followed by the activation of apoptotic effector Caspases. [33] [34] [35] In the early stages of cellular responses to UV (3-9 hours after UV irradiation), Hsp90 was degraded at the same time p53 activation was observed (Table 1 ), supporting a previous study which demonstrated the repression of inducible Hsp90 by UV-activated p53 in cultured cells. 36) Apaf-1 (Apoptosis protease-activating factor-1) is a key regulator of the mitochondrial apoptotic pathway, providing the central element of the multimeric apoptosome formed by procaspase-9, cytochrome c, and Apaf-1 itself. The release of cytochrome c from mitochondria results in the formation of an Apaf-1-Caspase-9 apoptosome which induces the apoptotic protease cascade with the activation of procaspase-3.
37) Hsp90 forms a cytosolic complex with Apaf-1 and thereby inhibits the formation of the active complex, and also inhibits cytochrome c-mediated oligomerization of Apaf-1 and activation of procaspase-9. 38) On one hand, the repression of the Hsp70 promoter by p53 is mediated by direct protein-protein interaction, 39) and Hsp70 inhibits key effectors of the apoptotic machinery including the apoptosome, the caspase activation complex, and apoptosis inducing factor. 40) On the other hand, UVinduced accumulation of wild-type p53 is associated with Hsp70 induction, 41) and this induction of Hsp70 results from an increased level of activated HSF (heat shock transcription factor). 42) Furthermore, Hsp70 overexpression protects cells against UV-induced DNA damage. 43) These results suggest that p53 is activated and suppresses HSPs, thus leading to efficient apoptosis when cells suffer irreversible damage. Less severe damage promotes cell cycle arrest and DNA repair by p53, coupled with HSP accumulation and cell protection. Thus p53 plays a gate-keeping role in its relationship with various genes related to apoptosis induced by UV irradiation.
In this study, samples were obtained only from the thigh and breast region of adult females. Although we cannot compare the data obtained here with studies using neonatal skin, used in most investigations, or with cultured keratinocytes since these were not examined here, some comparisons can be made with previous studies done in the same NIBB facility with L5178Y cells (a mouse lymphoma cell line).
28) Such a comparison shows that the current report revealed differences in biological responses between cells and tissues, and some of the responses to UV light have been overestimated, based on studies using cultured cell lines.
Furthermore, the importance of a structural approach to assess the biological effects of UV light on human skin should be emphasized, as well as the need to develop more accurate methods for measuring the multiple effects of biological or physical agents on a structured human body or tissue.
UV-induced DNA damage leads to apoptosis via upregulation of p53 and Bax, and the downregulation of HSPs and Bcl-2. This study explored the kinetics of protein expression and repression and apoptosis induction after UV exposure at different wavelengths in normal human skin organ cultures. Further investigations and better systems are required to provide more details about the exact mechanisms leading to UV-induced responses in human skin, and such studies could contribute to new concepts and further understanding of the relationship between UV light and skin cancer.
